This study aims to investigate wave power along the northern coasts of the Gulf of Oman. To simulate wave parameters the third generation spectral SWAN model was utilized, and the results were validated with buoy and ADCP data. First, annual energy was calculated in the study region with the hindcast dataset covering 23 years . The areas with the highest wave resource were determined and the area proximity to the port of Chabahar is suggested as the best site for the installation of a wave farm. Second, the average monthly wave energy in this area was investigated. The most energetic waves are provided by the southeast Indian Ocean monsoon from June to August. Finally, the wave energy resource was characterized in terms of sea state parameters. It was found that the bulk of annual wave energy occurs for significant wave heights between 1 and 3 m and energy periods between 4 and 8 s in the direction of SSE.
Introduction
Growing energy consumption in the world and traditional methods of energy production have led to serious environmental problems. Nowadays, a long-term goal of a 50% reduction in global greenhouse emissions before 2050 has been set by the Kyoto protocol [1] . Renewable energy sources have a key role in the reduction of air pollution, especially CO 2 emission. Several energy sources which can be a good alternative for fossil energy are solar, wind and ocean energy (i.e.
wave, tide and current). These sources of energy currently provide only a small amount of energy in world-wide [2] , although they are expected to play a greater role in future energy provision.
Among the novel renewable energy sources, wave energy is one of the most promising [3] .
Wave energy is seen as an enormous source of renewable energy with limited negative environmental impacts [4, 5] . This kind of energy is more persistent than other sources of energy.
The wave power flow just below the sea surface is about five times larger than that of wind power flow at the level 19.5 m above the sea surface [6] . Wave energy is unevenly distributed over the globe and depends on the geographical location and time [7, 8] . The potential of worldwide wave energy in deep water has been estimated between 1 and 10 TW, which is comparable with the world's power consumption [9] . Although waves advancing from offshore towards nearshore lose their energy due to bottom friction and wave breaking [10] , both nearshore and offshore locations can be envisaged for wave farms. Usually, the economics dictate the site selection for wave farms, taking into account the differences in the resource and the cost of the wave energy converters (WECs) and submarine connection to the land network [10, 11] .
Technologies for transforming wave energy into electricity are still in the development stage [12] . Each technology has different efficiencies under different sea states. Several researchers have studied different ways to improve and optimize WECs (e.g. [13] [14] [15] ). It is known that the characteristics of the wave energy resource, in terms of wave parameters, are important for choosing the most appropriate WEC for an area and tuning an existing wave energy converter design [11] . WECs have maximum efficiency in the ranges of wave heights and periods, which provide the majority of the energy [16] .
This study investigates the quantity of wave energy in deep water along the coasts of the Gulf of Oman, Iran. To simulate wave parameters the third generation spectral SWAN model was utilized, and the results were calibrated and verified with buoy measurements. Wave parameters were hindcasted for 23 years (1985-2007) and the annual and quarterly wave energy in high-energy spots were estimated. In addition, the wave energy resource was characterized in terms of sea state parameters (significant wave heights, energy periods and mean directions) for choosing the most appropriate WECs in the selected sites which have the highest potential for wave farms.
The present study is organized as follows. Section 2 presents the study area and the field data.
Methods are discussed in section 3. In this section the mathematical background and wave model used to hindcast data are introduced, and the validation of the model with buoy measurements is discussed. Section 4 presents the results and discussions: the area with the highest potential for a wave farm, the monthly variations of wave energy and characterization of the wave energy potential to select the WECs in the specified area. Finally, summary and conclusions are drawn in section 5.
Study area and field data

Study area
The Gulf of Oman is the northwestern part of the Arabian Sea, bounded by Iran on the north, Oman on the south, and the United Arab Emirates on the west (Fig. 1 ). This gulf is connected to the Indian Ocean in the South-East by the Arabian Sea and is one of the most important waterways in the world. It is about 545 km long and its width varies from 56 km (at the Strait of Hormuz) to 370 km. The climate in this region is partly similar to that of the Indian Ocean. Gulf of Oman is mainly affected by seasonal winds, called monsoons. The average wind speed is the highest in July and comes from the Indian Ocean. The wind rose of the area near the coast of Iran (Fig. 1) . The weather is hot and dry, therefore electrical energy has a great role in this area. In addition, Chabahar Bay is one of the marine sensitive areas of Iran.
Several sensitive species of marine flora and fauna, such as mangrove forests, coral reefs and sea turtles, have been identified in this area [18, 19] . Taking into account these reasons, the aim of this study is to estimate the wave energy along the coast of Chabahar zone, between the longitude of 59 E -61.6 E and the latitude of 25 N -25.45 N.
Field data
The recorded wave data used in this study were collected by a Datawell Directional Since the results of any numerical wave hindcast study depend on the quality of the wind data, to gain reliable wave hindcasting, it is essential to select an appropriate input wind field [20] [21] [22] [23] .
Therefore, a measured wind field integrated with the meteorological stations near the shoreline and QuikSCAT satellite data was used as the wind input in the SWAN model. The wind data in these stations have been recorded 3-hourly from the 1985 to 2007, continuously. This wind field covered the Gulf of Oman with a resolution of 0.5 x 0.5 .
Methods
Mathematical background
Real sea waves are described as composed of many waves of different frequencies, amplitudes and directions. Based on the directional wave energy spectrum S(f,θ), it is possible to describe these wave parameters. The wave power level in terms of the wave spectrum can be defined as:
where ρ is the mass density of sea water (1025 kg/m 3 ), g is the gravitational acceleration and C g is the group velocity, described as:
where f is the wave frequency, h is the water depth, k =2π/L is the wave number and L is the wave length. In deep water C g = g/4πf, therefore
The spectral moments of order n are defined as:
The energy period (T e ) of the sea state and the significant wave height (H s ) in terms of the spectral moment respectively are given by:
Therefore, the wave energy flux per unit width of the progressing wave front in terms of energy period and significant wave height in deep water is approximated: 
Numerical model
The spectral wave model SWAN (Simulating Waves Nearshore) [24, 25] was used for wave simulation. SWAN is a third-generation spectral wind wave model, developed for obtaining reliable estimates of wave parameters in coastal areas. The model solves the transport equation with no particular shape which is assumed for the wave spectrum [26] [27] [28] . Action density spectrum is considered in SWAN model rather than energy density spectrum because, unlike energy density, action density is conserved in the presence of currents. Action density is defined as:
where E(σ,θ) is the energy density with σ the relative frequency (i.e. the radian frequency in a frame of reference moving with current velocity) and θ the propagation direction (i.e. the direction normal to the wave crest of each spectral component).
The SWAN model solves the spectral action balance equation for the Cartesian coordinates [25] :
The first term on the left-hand side shows the local rate of change of action density in time, the next two terms represent the propagation of action in geographical space where c x and c y are the propagation velocity in the x and y-spaces, respectively. The fourth term represents the shifting of the relative frequency due to variations in depths and currents in which, c σ is the propagation velocity in the σ-space. The last term on the left-hand side demonstrates depthinduced and current-induced refraction and propagation in directional space in which, c θ is the propagation velocity in the θ-space [24] . The term S=S(σ,θ) represents sources or sinks of wave energy. This term shows the effects of generation, dissipation (by whitecapping, bottom friction and depth-induced wave breaking) and nonlinear wave-wave interactions. Further details can be found in [24, 25, 29] . In this study, SWAN cycle III version 40.72AB [30] was employed. analysis showed that the depth-induced wave breaking and bottom friction coefficients had negligible effect on the wave characteristics. Therefore, the default values were selected for these tunable parameters in the mentioned sink terms. The whitecapping dissipation coefficient was the tunable parameter used for calibration of the model [32] . The default tunable coefficient value of whitecapping (cst = 4.0) led to the underestimation of the results. To obtain the best simulation for both wave height and period, the value of this parameter was decreased to 0.055.
A qualitative view of the calibration result, in terms of significant wave height and wave energy, is illustrated in Fig.3 . As seen, there is a very good agreement between the model results and measurements, both in terms of significant wave height and wave energy. For the quantitative comparison of the results, the following statistics were used:
where MAPE is the mean absolute percentage error and R is the correlation coefficient. x i represents the measured data and y i represents the modeled data. x and y are the mean value of measured and modeled data, respectively and n is the total number of data. The summary of statistical analysis for the calibration period is given in Table 1 
Results and discussions
Hot spots
After validating the wave model, it was used to determine the locations with the largest wave energy (hot spots) in the Gulf of Oman along the coasts of Iran (Fig. 1 ). Significant wave heights and energy periods were simulated for 23 years in the studied sites and the wave energy was calculated using equation (7) . Four areas were found with the largest annual wave energy in this region (Fig. 6 ). Their location, water depth, distance to the coastline and annual wave energy are given in Table 3 . These points are located in deep water and approximately near the coastline. It is apparent from the last column of Table 3 that there is no significant difference between annual energies of A to D and one cannot distinguish between these areas in terms of annual wave energy.
In selecting the area to extract wave energy, the wave resource is not the only issue to be considered. The construction and operational costs are important as well [16] . One of the most important factors for selecting an area for the installation of a wave farm is the proximity to the cities. There are no cities near the A, B and C stations and the population density is low near these areas. Therefore, there is no economic justification to extract wave energy in these sites.
The port of Chabahar in the south-east of Sistan va Baluchestan Province is located near the site D (Fig. 6 ). The port of Chabahar is a free trade-industrial zone. Because of its establishment near the Indian Ocean, it is the center of business, trade and navigation in this province. Thus, site D is suggested the best area for the installation of a wave farm.
Average monthly wave energy
After selecting the area with the highest potential for a wave farm (site D), the monthly variations of wave energy in this area were studied. The annual distribution of wave energy on a monthly basis is plotted in Fig. 7 . This figure shows that the monthly averaged wave power varies between 0.97 kW/m and 5.16 kW/m. The highest average energy occurs during July and August, and the lowest are associated with autumn in October and November.
As seen, the intensity of wave energy fluctuates seasonally. It is apparent that the wave climate can be divided into three periods. The first is from January to May, the second (with the highest energy) is from June to August and third is from September to December, which represents the calm season. The wave roses of these three periods for site D are illustrated in Fig.8 . As seen, the prevailing wave direction of larger wave heights veers from SW in the first period to SSE-SE in the second period. The highest waves are coming from the southeast, due to the southwest Indian Ocean monsoon, and the bulk of energy can be extracted from these waves. Table 4 .
As seen, the waves with heights less than 1 m and energy period between 2 and 6 s have the largest probabilities of occurrence, but the bulk of energy is associated with waves of larger heights and periods with lower probabilities of occurrence. Therefore, the selection of WECs should aim for maximum efficiency in the ranges between 1 and 3 m in terms of significant wave height and between 4 and 8 s in terms of energy period.
For investigation of annual wave energy direction, the combination of significant wave height intervals and mean wave directions of site D is depicted in Table 5 . The sea states in the period 1985-2007 were ascribed to these intervals and the corresponding time percentages computed.
As seen, the main directions with the largest probabilities of occurrence for whole year are SSE, S and SSW. This table shows that, the prevailing wave direction for selecting the appropriate WEC corresponds to SSE direction, i.e. the waves are coming from the Indian Ocean to this area.
Summary and conclusions
In this study, wave power along the northern coasts of the Gulf of Oman was investigated.
This region is the southeastern coast of Iran and has been identified as a sensitive marine area.
To determine the wave climate, a hindcast dataset covering 23 years (1985-2007) was used. This dataset was obtained from numerical modeling. The wave model SWAN was implemented to simulate wave parameters. For validation, the numerical data series of significant wave height and wave energy were compared with buoy and ADCP measurements. Very good agreements were found between the hindcast data set and the in-situ measurements.
Having successfully validated the wave model, annual wave energy was calculated from significant wave height and energy period in the study area. The energy resource in the four areas with the largest energy was found very similar and their wave energy was estimated to be around 2.8 kW/m in an average year. Among these sites, the easternmost site near to the Chabahar port, was identified as the most appropriate area for wave energy extraction. Moreover, the monthly variations of wave energy in this area were analyzed. The wave climate in an average year was divided into three periods. The most energetic waves occur in the second period which is from June to August. These waves come from the SSE direction, during the Indian Ocean monsoon.
Finally, the characteristics of the wave energy resource in terms of significant wave heights, energy periods, and wave directions were discussed. The bulk of energy was found in sea states with a significant wave height between 1 and 3 m and an energy period between 4 and 8 s, so the WECs have maximum efficiency in the ranges of H s and T e . In addition, the main wave direction was found the SSE, for installation of WECs with the maximum capability.
Although the amount of wave energy estimated along the coast of Chabahar is low, the available wave power is still a remarkable energy source in this area. With increasing WECs efficiency in the future and advancing technological capabilities for extracting wave energy, the extractable energy might eventually become more than expected today. 
